Chronic excessive drinking leads to a wide spectrum of neurological disorders, including cognitive deficits, such as learning and memory impairment. However, the neurobiological mechanisms underlying these deleterious changes are still poorly understood. We conducted a comprehensive study to investigate the role and mechanism of autophagy in alcohol-induced memory impairment. To establish an ethanol-induced memory impairment mouse model, we allowed C57BL/6J mice intermittent access to 20% ethanol (four-bottle choice) to escalate ethanol drinking levels. Memory impairment was confirmed by a Morris water maze test. We found that mice exposed to EtOH (ethanol) and EtOH combined with the autophagy inhibitor 3-methyladenine (3-MA) showed high alcohol intake and blood alcohol concentration. We confirmed that the EtOH group exhibited notable memory impairment. Inhibition of autophagy by 3-MA worsened ethanol-induced memory impairment. Ethanol induced autophagy in the hippocampus of mice as indicated by western blotting, electron microscopy, RT-qPCR, and fluorescence confocal microscopy. We determined that the mTOR/BECN1 (S14) pathway is involved in ethanol-induced autophagy in vivo. Further, ethanol-induced autophagy suppressed the NLRP3 inflammatory and apoptosis pathways in the hippocampus in mice and in vitro. These findings suggest that autophagy activation in hippocampal cells alleviates ethanol-induced memory impairment in association with anti-apoptotic and anti-inflammatory pathways.
Introduction
Alcohol abuse is a worldwide problem that poses medical, social, and economic burdens (Barak et al., 2013) . Alcohol use disorder (AUD) is characterized by periods of heavy drinking followed by unsuccessful attempts to quit (Gass et al., 2017) . Chronic excessive drinking leads to a wide spectrum of neurological disorders, including cognitive deficits, such as learning and memory impairment (Weissbach et al., 2017) . However, the neurobiological mechanisms underlying these deleterious changes are still poorly understood.
Although the pathogenesis of ethanol abuse has been extensively studied, little is known about the intrinsic protective mechanisms against its detrimental effects (Ding et al., 2010) . Autophagy is a highly conserved mechanism by which deleterious or cytotoxic cytoplasmic substances are transferred to lysosomes for degradation. Autophagy reportedly alleviates ethanol-induced neuronal apoptosis, whereas inhibition of autophagy exacerbates ethanol-induced neuronal apoptosis (Luo, 2014) . However, it is not clear whether autophagy can alleviate ethanol-induced learning and memory impairments. Defects in different stages of the autophagic pathway are found in dementia-related diseases, and promotion of autophagy may be a promising treatment strategy for learning and memory disorders (Butler et al., 2006; Menzies et al., 2017) . Autophagic pathway dysfunction may damage hippocampal neuronal cells, thus leading to hippocampal-dependent impairments in learning and memory (Wang et al., 2017a,b) . Therefore, we hypothesized that autophagy may play an important role in protection against ethanol-induced learning and memory impairment.
During autophagy initiation and autophagosome formation, beclin 1 (BECN1) binds to microtubule-associated protein-1 light chain 3 (LC3-I), which is then converted to its membrane-bound form (LC3-II) and interacts with the ubiquitin-binding protein p62/SQSTM1 (Park et al., 2013) . Guidelines for the use and interpretation of assays for https://doi.org/10.1016/j.bbi.2019.07.033 Received 19 February 2019; Received in revised form 28 July 2019; Accepted 30 July 2019 monitoring autophagy strongly recommend using multiple tests where possible, rather than relying on the results of a single method (Klionsky et al., 2016) . As the role of autophagy in alcohol-induced memory impairment is unclear, it is necessary to identify autophagy markers using multiple tests.
Recent studies have shown that alcohol consumption is associated with neuroinflammation, which may be an important cause of neuronal dysfunction (Walter and Crews, 2017) . Chronic ethanol exposure reportedly results in inflammasome activation in the brain (Lippai et al., 2013a,b) . NLRP3 inflammasome plays an important role in neuroinflammation, which is triggered by infection, tissue damage, metabolic disorders, and other stimuli, and activated by integrated cell signaling pathways (Guo et al., 2014) . Chronic ethanol exposure promotes hyperactivation of the NLRP3 inflammasome (Hoyt et al., 2017) . Neuroinflammation may be an important part of the neurobiology of AUD; however, the mechanism of alcohol-induced neuroinflammation has not been well studied (Hillmer et al., 2017) .
Dysfunctional autophagy and neuroinflammation have been implicated in the pathogenesis of neurodegenerative diseases (Ji et al., 2018) . Autophagy deficiency might regulate microglial activation (Wang et al., 2017a,b) . Autophagy constitutes a protective mechanism against ethanol-induced neuroinflammation in mouse astrocytes (Pla et al., 2016) . Therefore, a better understanding of the mutual regulation between autophagy and inflammasome is of great significance for the discovery of new therapeutics for the treatment of chronic ethanol-induced nerve damage. The present study aimed to evaluate the neuroprotective effect of autophagy against ethanol-mediated learning and memory impairment, and the potential underlying mechanism.
Materials and methods

Animals
6-8-week C57BL/6 male mice (18-22 g) were procured from the Laboratory Animal Center of Sun Yat-sen University. The mice were housed at a humidity-controlled room with constant temperature of 25 ± 2°C. They were raised in a 12:12-h light/dark cycle and fed ad libitum. They were allowed to acclimatize for 7 days. All animal experiments were in accordance with the National Institute of Health Guideline for the Care and Use of Laboratory Animals. This study was approved by the Animal Ethics Committee of Sun Yat-sen University of China.
Ethanol drinking paradigm
Mice were separately housed in non-ventilated standardized plexiglass mouse cages with nesting material and corncob bedding. Mice were randomly divided into four groups (n = 10 each): control, ethanol (EtOH), EtOH + 3-methyladenine (3-MA), and 3-MA. 3-MA is an inhibitor of autophagosome formation during autophagy initiation (Zheng et al., 2019) . As 3-MA is widely used to inhibit autophagy, we chose it as the candidate to inhibit autophagy in ethanol-exposed mice. A summary of the experimental design is presented in Fig. 1 . Briefly, mice were exposed to four 50-mL conical tubes (Fisher Scientific) for up to 7 days of acclimation. Following acclimation, the experimental mice were weighed. All tubes were measured every day and changed daily to prevent side preference. The control and 3-MA groups were given four tubes of water for 48 days. The EtOH and EtOH + 3-MA groups were given one bottle containing tap water and three bottles containing 3% EtOH (Sigma) v/v solution for 4 days after acclimation. Then, the EtOH solution was replaced with 6% EtOH for 4 days and with 10% EtOH for the following 4 days. All EtOH solution tubes were filled with 20% EtOH for the next 4 weeks. In the last week, mice in the control and EtOH groups were injected with an equal volume of normal saline intraperitoneally. Mice in the 3-MA and the EtOH + 3-MA groups were injected with 3-MA intraperitoneally (two injections/day) at a dose of 20 mg/kg/day.
Primary hippocampal neurons culture
Primary hippocampal neurons were cultured according to a published protocol (Hiragi et al., 2017) . Briefly, postnatal day 1 (P1) C57BL/6J mice were sacrificed, brains were collected, and the hippocampus was separated from the cortex. The hippocampus was dissected, minced in Hank's balanced salt solution (HBSS) at 37°C, and incubated with trypsin/EDTA (Sigma-Aldrich) at 37°C for 15 min, followed by DNase (Sigma-Aldrich) treatment at room temperature for 5 min. Tissue was washed three times with HBSS, and then with neurobasal plating medium (26050088; Gibco, New Zealand). Hippocampal tissue was polished with a fire-polished Pasteur pipette and passed through a 40-μm-pore cell strainer (Corning). Cells (6 × 10 4 /well) were plated on poly-D-lysine-coated 12-mm glass coverslips and maintained in a humidified 37°C incubator with 5% CO 2 . At 1 day in vitro (1 DIV), the medium was replaced with neurobasal plus medium (A3582901; Gibco, USA). At 2 DIV, cytosine arabinoside (AraC; Sigma-Aldrich) was added at a concentration of 5 μM for 24 h to inhibit the growth of fibroblasts and glial cells. Thereafter, half of the medium was replaced with fresh medium every 4 days. Hippocampal neurons at 10 DIV were used as mature neurons in experiments. Primary hippocampal neurons were divided into six treatment groups as follows: control, EtOH, EtOH + 3-MA, 3-MA, rapamycin (Rapa), and EtOH + Rapa. Cells were treated with 200 nM EtOH, 3 mM 3-MA, or 15 nM rapamycin separately or in the above combinations for 24 h. Control cells were exposed to an equal volume of PBS.
Primary microglial cell culture
Primary microglial cells were cultured according to our published protocol (Pan et al., 2017) . Briefly, P1 C57BL/6J mice were sacrificed and primary mixed glial cells were isolated. Cells were cultured in poly- (019-19741, Wako, Japan) . Pure microglia were resuspended in F12/DMEM with 10% fetal bovine serum and maintained at 37°C in the presence of 5% CO 2 . After purification, primary microglial cells were divided into six groups as follows: control, EtOH, EtOH + 3-MA, 3-MA, Rapa, and EtOH + Rapa. Cells were treated with 50 nM EtOH, 2.5 mM 3-MA, and 10 nM rapamycin separately or in the above combinations for 24 h. An equal volume of PBS was used as blank control.
2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotoxicity assay
An MTT cytotoxicity assay was conducted according to our published protocol . Briefly, cells were seeded in 9-well plates and cultured in 100 μL of fresh medium. Twenty microliters of 5 mg/mL MTT (Solarbio, Beijing, China) was added to each well and the plate was further incubated at 37°C for 4 h. Then, the MTT-containing medium was replaced with 150 μL of dimethyl sulfoxide and the plate was vortexed for 10 min. The absorbance at 490 nm was read in a TecanInfinite F200 Multimode plate reader (Tecan Trading AG, Män-nedorf, Switzerland).
Blood ethanol concentration (BEC)
To determine BEC, blood of mice was collected from tail at the time of observation (day7, 11, 15, 19, 40, 48) . Tail blood samples were centrifuged to obtain plasma and stored at −80°C until BEC determination. The BEC was measured using an Analox AM1 analyzer (Analox Instruments; Lunenburg, MA, USA).
Morris water maze (MWM)
After 48 days of ethanol drinking paradigm, mice were used for morris water maze test. The mice were not drunk during the MWM. The water maze was a height of 50 cm and a diameter of 120 cm circular pool filled with water (20 ± 1°C). The location of the 6 cm-diameter circular platform was in the southeast quadrant (this position remained constant throughout testing). The procedure of Morris-water maze test was according to our previous study (Pan et al., 2017) . Briefly, the spatial acquisition phase consisted of 4 trials per day with four different starting positions for 5 days, followed by one additional day for probe trial. In the spatial acquisition phase, each mouse was given 60 s to find the hidden platform. If the mouse did not find platform within 60 s, it was then placed on the platform for 20 s. During the probe trial phase, the platform was removed and each mouse was put in the water, allowing it to swim freely for 60 s. The relevant data was recorded by a tracking system (Video Tracking System VideoMot 2, TSE Systems, Germany).
Electron microscopy
To detect the presence of autophagic vacuoles in electron microscope, the brains of mice were removed on the day after MWM test completed and fixed with paraformaldehyde-glutaraldehyde overnight at 4°C. Hippocampal CA1 regions were sectioned into 0.5 mm thick slices and postfixed in 1% osmium tetroxide (in 0.1 M cacodylate buffer). The samples were dehydrated in ethanol and then embedded in Spur resin blocks for 24 h at 65°C. Serial ultrathin sections of the CA1 region were collected and stained with uranyl acetate and lead citrate. The sections were examined by using a transmission electron microscope (Tecnai G2 Spirit Twin, Czekh). The number of autophagosome was quantified in 10 randomly selected CA1 neurons from and three tissues per group using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Fluorescence confocal microscopy
Autophagy of microglia in hippocampal tissue was detected by fluorescence confocal microscopy. Brains were removed on the day after completion of the Morris water maze test and were fixed in 4% paraformaldehyde after cardiac perfusion. Paraffin-embedded brain tissue was cryosectioned into 10-μm-thick sections. The sections were incubated with primary LC3A/B antibody (Cell Signaling Technology, 1:500) and mouse anti-Iba-1 antibody (Abcam, 1:500) overnight. Then, the sections were incubated with Fluor 555-conjugated donkey antirabbit IgG (Beyotime, 1: 500) and Alexa Fluor 488-conjugated goat anti-mouse IgG (Beyotime, 1:500), and nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Immunoreactivity was detected using a fluorescence confocal microscope (FV10i-W; OLYMPUS). Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
Apoptosis of hippocampal neurons or in brain sections was detected by a TUNEL assay using an In Situ Cell Death Detection Kit (Roche, Switzerland). Cells or sections were incubated with a mixture of FITClabeled nucleotides and terminal deoxynucleotidyl transferase in a dark humidified chamber. A solution without labeled nucleotides and enzyme was incubated as negative control. The hippocampal CA1 region was observed and photographed using a fluorescence microscope (Olympus, Tokyo, Japan), with green fluorescence indicating TUNELpositive cells. Primary hippocampal neurons were photographed, with red fluorescence indicating TUNEL-positive cells. The apoptosis rate was defined as the ratio of TUNEL-positive cells to total cells.
RNA extraction and quantitative real-time PCR (qRT-PCR)
The brain tissues were prepared using Trizol reagent (Takara) for total RNA extraction. cDNA was synthesized using the PrimeScript RT Reagent Kit (Takara) according to the manufacturer's instructions. Allin-One q-PCR Mix Kit (GeneCopoeia, AOPR-0200) was used for the qRT-PCR reaction in the LightCycler 480II PCR System (LightCycler 480II, Roche, USA). The relative changes in gene expression were quantified using the 2 − ΔΔCt method. Each sample was assayed in triplicate and the data represent the average of three separate assessments. Primers were provided in Supplement Table S1 .
Western blotting
Total proteins of brain tissue were prepared using total protein lysis buffer (Beyotime, P0013) and cell lysates were prepared using cytosolic/nuclear protein lysis buffer (Beyotime, P0027). Protein lysates were separated by SDS-PAGE (10 or 12%) and then electrophoretically transferred to polyvinyl difluoride membrane. The membrane was incubated with SQSTM1/p62 (Cell Signaling Technology, 1:1000), primary antibodies against LC3A/B (Cell Signaling Technology, 1:1000), NLRP3 (Cell Signaling Technology, 1:500), caspase-1 (Santa-Cruz Biotechnology, 1:50), IL-1β (Santa-Cruz Biotechnology, 1:50), IL-18 (Abcam, 1:125), Bax (Cell Signaling Technology, Danvers, MA, USA, 1:1000), Bcl-2 (Abcam, Cambridge, MA, USA, 1:1000), caspase-3 (Cell Signaling Technology, Danvers, MA, USA, 1:1000), mTOR (Abcam, Cambridge, MA, USA, 1:2000), BECN1 (Ser14) (Cell Signaling Technology, Danvers, MA, USA, 1:1000), BECN1 (Ser90) (Cell Signaling Technology, Danvers, MA, USA, 1:1000), β-actin (Cell Signaling Technology, 1:1000), and GADPH (Cell Signaling Technology, 1:1000) at 4°C overnight, followed by incubation with anti-rabbit IgG (MultiSciences, 1:5000) or anti-mouse IgG (MultiSciences, 1:5000) at room temperature for 1 h. The proteins were determined using an ECL western blot detection kit (KeyGEN BioTECH, KGP1126).
Statistical analysis
All data are analyzed by SPSS 22.0 (SPSS, Chicago, IL, USA) and expressed as the mean ± standard deviation (SD). Means were compared using Student's unpaired t test when comparing means between two groups. One-way ANOVA was used when comparing means between three or more groups, followed by Student-Newman-Keuls test. Statistical analyses were performed using GraphPad Prism Version 7.05 (GraphPad Software, San Diego, CA). p ≤ 0.05 was considered statistically significant.
Results
Effects of different treatments on body weight, ethanol intake, and blood ethanol levels in vivo
To explore the role of autophagy in ethanol-induced memory impairment, mice exposed to EtOH were treated with the autophagy inhibitor 3-MA or left untreated. From day 19, body weight in the EtOH group was significantly lower than that in the control group (20.92 ± 0.52 vs. 21.85 ± 0.50, p < 0.001, Fig. 2A ). Similarly, body weight was lower in the EtOH + 3-MA group than in the control group from day 19 (21.06 ± 0.40 vs. 21.85 ± 0.50, p < 0.01, Fig. 2A ). These results suggested that EtOH caused weight loss in mice. No significant differences in body weight, ethanol intake, and blood ethanol levels were detected between the EtOH and EtOH + 3-MA groups (all p > 0.05, Fig. 2A-C) , indicating that 3-MA does not affect these parameters in mice. We speculated that the EtOH and EtOH + 3-MA groups showed high alcohol intake and blood alcohol concentration, which might damage the nervous system.
Inhibition of autophagy worsens ethanol-induced memory impairment
The spatial memory of the mice was assessed by the Morris water maze test. The results revealed that EtOH led to obvious spatial memory deficits when compared with the control treatment (all p < 0.05, Fig. 3A , B, G, and H). However, on the last day of the test, the swimming speed did no significantly differ between groups (all p > 0.05, Fig. 3C) .
In a probe test, compared with the EtOH group, the EtOH + 3-MA group had a worse spatial memory, which was manifested as shorter distance traveled in the target quadrant (3.62 ± 1.20 vs. 7.39 ± 1.90, p < 0.01, Fig. 3D ), fewer platform crossovers (1.85 ± 1.16 vs. 3.60 ± 1.00, p < 0.05, Fig. 3E ), and lower amount of time spent in Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx the target quadrant (1.54 ± 0.78 vs. 5.67 ± 1.12, p < 0.05, Fig. 3F ). During the entire test, spatial memory did not differ between the control and 3-MA groups (all p > 0.05, Fig. 3A-H) . These results suggested that EtOH impaired the spatial memory of mice, and this impairment was worsened when autophagy was inhibited.
Ethanol induces autophagic flux in C57BL/6 murine hippocampi
Autophagy activation in the hippocampus was analyzed in hippocampal tissues collected on the last day of the Morris water maze test by western blotting and RT-qPCR. The conversion of MAP1LC3 (LC3) and the level of sequestosome 1 (SQSTM1, also known as p62) are often Data are expressed as the mean ± SD (n = 10), *p < 0.05, **p < 0.01, and ***p < 0.001 versus control, #p < 0.05, ##p < 0.01 and ###p < 0.001 versus EtOH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx used to determine autophagy and were detected by western blotting in this study. As shown in Fig. 4A -C, the LC3-II/LC3-I ratio was upregulated, whereas p62 was downregulated in the EtOH group compared with that in the control group (all p < 0.001). In the EtOH + 3-MA group, the LC3-II/LC3-I ratio was significantly reduced and the level of p62 was significantly increased compared with that in the EtOH group (all p < 0.001, Fig. 4A-C) . We also examined the effect of ethanol on mRNA expression of BECN1 and Atg5, which are necessary for the initiation of autophagosome formation and are often used as markers of autophagy. BECN1 and Atg5 mRNA levels in the hippocampus were significantly upregulated in the EtOH group (all p < 0.001, Fig. 4D and 4E), whereas no changes were observed in temporal, frontal, and occipital areas, the cerebellum, striatum, and substantia nigra (all p > 0.05, Fig. 4D and E). EtOH-induced autophagy was inhibited in mice treated with 3-MA. 3-MA alone did not affect autophagy compared with the control group in different tests and different regions of the brain (all p > 0.05, Fig. 4A-E) . Together, these results indicated that ethanol activates autophagy, and this effect can be inhibited by treatment with 3-MA.
3.4. The mTOR-pBECN1 (S14) pathway is involved in ethanol-induced autophagy in the hippocampal CA1 region mTOR is an important regulator of autophagy. Phosphorylation of BECN1 by mTOR is involved in autophagy regulation (Menon and Dhamija, 2018) . To analyze the role of the mTOR pathway in ethanolinduced autophagy in the mouse hippocampus, the expression of mTOR, BECN1 S90, and BECN1 S14 in the hippocampal CA1 region was analyzed by western blotting. EtOH downregulated mTOR, but upregulated pBECN1 (S14) (all p < 0.05 vs. control, Fig. 5A-C) . 3-MA suppressed these responses (all p < 0.05, Fig. 5A-C) . There was no significant difference in pBECN1 S90 expression among the groups (all p > 0.05, Fig. 5A and D) . Taken together, these results indicated that the mTOR-pBECN1 (S14) pathway is involved in ethanol-induced autophagy in the hippocampal CA1 region.
Electron microscopic observation of ethanol-induced autophagy in the hippocampal CA1 region
Electron microscopy was used to detect the formation of autophagosomes. We found that autophagic vacuoles were significantly increased in the EtOH group compared with the control group in the cytoplasm of neurons in the hippocampal CA1 region (6.5 ± 1.08 vs. 0.90 ± 0.74, p < 0.001, Fig. 6A and B). Autophagosomes were significantly reduced in the EtOH + 3-MA group compared with the EtOH group (3.2 ± 0.92 vs. 6.5 ± 1.08, p < 0.001, Fig. 6A and B) . These results suggested that EtOH induces autophagy in the hippocampal CA1 region, which is inhibited by 3-MA. These findings were consistent with the RT-qPCR and western blot results.
Autophagy inhibition increases apoptosis in the hippocampus in EtOHexposed mice
To investigate apoptosis in the hippocampal CA1 region, Bcl-2, Bax, and caspase-3 expression in this region was detected by western blotting. Bax and caspase-3 expression was remarkably increased, whereas that of Bcl-2 was decreased in the EtOH group compared with the control group (all p < 0.05, Fig. 7A and B) . In the EtOH + 3MA group, these changes were more pronounced (all p < 0.05, Fig. 7A and B) . TUNEL staining showed that apoptosis was increased in the EtOH group compared with the control group (34.7 ± 5.24 vs. 3.91 ± 1.27, p < 0.001, Fig. 7C and D) . The number of TUNEL-positive cells in the hippocampal CA1 region in the EtOH + 3MA group was significantly higher than in the EtOH group (50.58 ± 5.67 vs. 34.7 ± 5.24, p < 0.001, Fig. 7C and D) , whereas the 3MA group showed no increase in hippocampal apoptosis (all p > 0.05, Fig. 7C and D) . These results suggested that EtOH increases cell death and autophagy inhibition increases apoptosis in the hippocampus in EtOH-exposed mice. 
EtOH activates autophagy in hippocampal microglia in vivo
Autophagy in hippocampal microglia was detected by fluorescence confocal microscopy on the last day of the Morris water maze test. Iba1 and LC3 levels were significantly increased in hippocampal microglia in the EtOH group than in the control group (Iba 1: 3.61 ± 0.25 vs. 1.00 ± 0.12, p < 0.001 and LC3: 4.74 ± 0.60 vs. 1.00 ± 0.24, p < 0.001, Fig. 8A-C) . Compared with that in the EtOH group, LC3 level was significantly reduced (2.51 ± 0.45 vs. 4.74 ± 0.60, p < 0.001, Fig. 8A and C), whereas Iba1 level was significantly increased in the EtOH + 3MA group (3.94 ± 0.27 vs. 3.61 ± 0.25, p < 0.05, Fig. 8A and B) . These results suggested that EtOH activates microglia and autophagy in hippocampal microglia. Further, autophagy inhibition can enhance microglial activation.
Autophagy suppresses NLRP3 inflammasome formation and inflammation in EtOH mouse hippocampus
To explore the effect of EtOH on NLRP3 pathway activation, the expression of NLRP3, pro-caspase-1, and caspase-1 in the hippocampus was measured by western blotting, and mRNA expression of IL-1β and IL-18 was detected by RT-qPCR. The protein expression levels were significantly increased in the EtOH group compared with the control group (NLRP3: 0.24 ± 0.03 vs. 0.12 ± 0.03, p < 0.001; pro-caspase-1: 0.65 ± 0.04 vs. 0.38 ± 0.04, p < 0.001, and caspase-1: 0.49 ± 0.02 vs. 0.32 ± 0.04, p < 0.001, Fig. 9A and B) , and they were significantly upregulated in the EtOH + 3MA group (NLRP3: 0.45 ± 0.04 vs. 0.24 ± 0.03, p < 0.001; pro-caspase-1: 1.06 ± 0.10 vs. 0.65 ± 0.04, p < 0.001, and caspase-1: 0.63 ± 0.03 vs. 0.49 ± 0.02, p < 0.001, Fig. 9A and B) . IL-1β and IL-18 mRNA levels in the hippocampus were significantly upregulated in the EtOH group Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx compared with the control group and in the EtOH + 3MA group compared with the EtOH group (all p < 0.05, Fig. 9C and D) . These results indicated that EtOH activates the NLRP3 pathway and causes inflammation in the hippocampus. Further, autophagy suppresses NLRP3 inflammasome formation and inflammation in EtOH mouse hippocampus.
Autophagy protects neuron cells against ethanol-induced cell death
To confirm that autophagy protects neuron cells against ethanolinduced cell death, we evaluated the effect of 3MA or Rapa on the modulation of ethanol-induced cell death in primary hippocampal neurons isolated from P0 Wistar rats. An MTT assay showed that cell viability decreased with increasing alcohol concentration. To manipulate autophagy activation, cells were treated with Rapa, which is a commonly used autophagy inducer that acts via inhibiting mTOR (Menon et al., 2011) . The cells had a survival rate of 68.58 ± 3.95% at an EtOH concentration of 200 mM (Fig. 10A) , which was chosen for subsequent experiments. Cell viability was significantly reduced in EtOH + 3MA group compared with that in EtOH group (44.55 ± 3.18% vs 68.94 ± 3.26%, p < 0.001, Fig. 10B ), whereas cell viability was increased in the EtOH + Rapa group compared with that in the EtOH group (84.07 ± 2.84% vs 68.94 ± 3.26%, p < 0.001, Fig. 10B ). Western blotting revealed that EtOH treatment increased the LC3-II/β-actin ratio, 3MA treatment inhibited this increase, and Rapa treatment increased the LC3-II/β-actin ratio in hippocampal neurons exposed to 200 mM EtOH (all p < 0.05, Fig. 10C  and D) . A TUNEL assay revealed that cell apoptosis was significantly increased in the EtOH + 3MA group compared with that in the EtOH group (47.19 ± 4.75% vs 27.19 ± 4.18%, p < 0.001, Fig. 10E and  F) , whereas it was reduced in the EtOH + Rapa group compared with that in the EtOH group (14.77 ± 4.20% vs 27.19 ± 4.18%, p < 0.01, Fig. 10E and F) . These results showed that autophagy protects neuron cells against ethanol-induced cell death.
Autophagy protects microglia against ethanol-induced neuroinflammation
To evaluate whether autophagy protects microglia against ethanolinduced neuroinflammation, we evaluated the effect of 3MA or Rapa on the modulation of the ethanol-induced NLRP3-mediated neuroinflammation in primary microglial cells isolated from C57BL/6 neonatal mice. An MTT assay showed that cell viability decreased with increasing alcohol concentration. The cells had a survival rate of 81.4 ± 4.59% at an EtOH concentration of 50 mM (Fig. 11A) , which was chosen for subsequent experiments. Western blotting revealed that EtOH treatment increased the LC3-II/β-actin ratio, 3MA treatment inhibited this increase, and Rapa treatment increased the LC3-II/β-actin ratio in hippocampal neurons exposed to 50 mM EtOH (all p < 0.05, Figs. 11B and 10C) . Consistent with the observation in vivo, the mRNA expression of CD11b, NLRP3, IL-18, and IL-1β was significantly upregulated in the EtOH + 3MA group compared with that in the EtOH group (all p < 0.05, Fig. 11D-G) , but downregulated in the EtOH + Rapa group compared with that in the EtOH group (all p < 0.05, Fig. 11D-G) . These results suggested that autophagy protects microglia against ethanol-induced NLRP3 neuroinflammation.
Discussion
Adverse reactions to alcohol use in individuals generally depend on the frequency and potency of alcohol use (Di Forti et al., 2015) . To study alcohol-induced learning and memory impairment, it is necessary Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx to establish a stable and effective animal model. However, there are no widely used and unified models for research. Studies have shown that adolescent intermittent ethanol exposure does not affect spatial learning in mice or rats when assessed on the Morris water maze or the Barnes maze (Crews et al., 2016) . Another study showed that five consecutive days of ethanol exposure lead to spatial learning deficits up to 25 days after the last ethanol treatment (Sircar and Sircar, 2005) . Reports of deficits on hippocampal-dependent tasks after ethanol exposure are mixed, with some studies reporting impairment of memory and learning, whereas others reveal no alterations in spatial memory performance (Spear, 2016) . We discovered that our four-bottle choice model of ethanol has been modified to show a marked decline in memory and learning skills. The reason for this might the chronic ethanol exposure during adolescence through early adulthood in mice and the amount of time they drank. Four-bottle choice model of ethanol showed regularly lager amount of ethanol ingested than control in C57BL/6J mice, which was consistent with our results (Kelai et al., 2008) . Although the two-bottle choice model of ethanol has proven to be efficacious as a preclinical model of alcohol abuse (Carnicella et al., 2014) , the eventual ethanol consumption levels and BECs of this mode were lower than our four-bottle choice mode. While male C57BL/6J mice exhibited lower ethanol intake than female (Sneddon et al., 2019) , male mice were generally selected to establish a chronic excessive drinking model because the pattern of ethanol consumption in male was typical in humans. It has been shown that daily ethanol consumption reaches a stable level of 10.76 ± 0.20 g/kg/day when mice are given ethanol at increasing concentration from 3% to 10% v/v for 21 days (Stragier et al., 2015) . Male mice with intermittent access to 20% ethanol showed high level of ethanol consumption, but < 16 g/kg/day at week four (Crabbe et al., 2012) . The EtOH-exposed mice in our research showed a marked increase in alcohol consumption, and consumption levels were higher than those in previously reported EtOH mouse models. Chronic exposure to alcohol during adolescence induces long-lasting tolerance that persists into adulthood and contributes to high alcohol use in adulthood (Foltran et al., 2011) . Ethanol has been shown to more potently suppress NMDA receptor-mediated synaptic activity and longterm potentiation induction in hippocampal tissues of adolescent animals than in those from adults (Spear and Swartzwelder, 2014) . Animal studies have shown adolescents to be more sensitive than adults to Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx ethanol-related impairments in brain plasticity and memory, with the latter effect being reported for human adolescents as well (Silvers et al., 2003; White and Swartzwelder, 2005) . The mice used in this study were in the adolescent epoch at the initiation of drinking, which may have increased alcohol consumption and memory impairment. Ethanol has dual effects on autophagy. It has been shown that while an acute ethanol dose can activate ALP in glial cells being a protective mechanism (Pla et al., 2016) , chronic ethanol impairs autophagy by affecting the fusion between autophagic vacuoles and lysosomes which prevents the effective degradation of damaged proteins and organelles, hence contributing to brain and liver damage (Menk et al., 2018; Pla et al., 2014; Thomes et al., 2015) . Our experiments confirmed that ethanol activated autophagy in hippocampal cells and this activation alleviated ethanol-induced memory impairment. Our research showed that alcohol induced an increase in autophagosomal markers (LC3-II, ATG5, and BECN1), and a decrease in the anti-autophagic protein marker (p62). However, previous studies reported that ethanol consumption leads to the downregulation of autophagic lysosomal pathways (ATG12, ATG5, cathepsin B, p62, LC3), and suppresses autophagic vacuoles by upregulating mTOR phosphorylation (Pla et al., 2014) . This discrepancy might be explained by the facts that the alcohol exposure time was different and the region of interest was the cerebral cortex in this study. Ethanol may stimulate autophagy through multiple mechanisms, including induction of oxidative stress, regulation of mTOR and AMPK signaling, alterations in BCL2 family proteins, and modulation of intracellular calcium (Ca 2+ ) homeostasis (Luo, 2014) . Our study revealed that mTOR was involved in ethanol-induced autophagy; thus, we speculated that alcohol may activate autophagy by inhibiting mTOR. BECN1 phosphorylation is involved in the modulation of the balance between pro-survival autophagy and pro-apoptotic responses (Menon and Dhamija, 2018) . We found that BECN1 phosphorylation at Ser14 was upregulated, whereas phosphorylation at S90 was unchanged, which indicated that BECN1 S14 is involved in ethanol-induced autophagy. Activation of microglia by ethanol triggers signaling pathways and inflammatory mediators in brain, which can cause nerve damage (Ward et al., 2008) . Our experiments demonstrated that ethanol activates microglia and produces neuroinflammation. Studies have indicated that an initial alcohol binge activates microglia into a neuroprotective state; however, when this proinflammatory state becomes chronic, neurodegeneration and neurotoxicity may occur (Streit et al., 2004) . The continued upregulation of microglial pre-inflammatory function leads to persistent and progressive inflammation in neuropsychiatric disorders and is an important driver of neuroprogression (Salam et al., 2017) . Chronic ethanol exposure increases cytokines and inflammatory mediators, activating signaling pathways associated with neuroinflammation (Alfonso-Loeches et al., 2010). Our study revealed that chronic ethanol exposure regulated NLRP3 inflammasome activation and promoted the conversion of pro-caspase-1 into active caspase-1, which processes pro-IL-1β and pro-IL-18 to their mature forms and initiates neuroinflammation. Ethanol-induced IL-1β in the brain is mediated by NLRP3 inflammasome activation (Lippai et al., 2013a,b) , which is consistent with our findings.
Autophagy mediates prominent anti-inflammatory effects, which reflect its ability to limit the availability of endogenous inflammasome activators as well as to degrade inflammasomes (Galluzzi et al., 2017) . Our study confirmed that autophagy can alleviate alcohol-induced neuroinflammation in association with the NLRP3 pathway. Increasing evidence shows that autophagy and the NLRP3 pathway are interrelated through mutual regulation, and autophagy-dependent Y. Liu, et al. Brain, Behavior, and Immunity xxx (xxxx) xxx-xxx degradation of NLRP3 has been recently demonstrated (Schroder et al., 2010) . Autophagy can downregulate NLRP3 inflammasome activation by removing damaged mitochondria (Nakahira et al., 2011) . Inhibition of the NLRP3 inflammasome can protect against memory impairment in rodent models (Daniels et al., 2016) , which is consistent with our findings. The NLRP3 inflammasome controls the activation of caspase-1, IL-1β, and IL-18 (Youm et al., 2015) . Inflammatory cytokines directly disrupt hippocampal-dependent synaptic plasticity and potentially lead to cognitive impairment (Borsini et al., 2015) . IL-1β and IL-18 are involved in memory impairment and thus might be potential therapeutic The expression of LC3-I, LC3-II in primary hippocampal neurons of different groups was detected by western blotting. (E and F) Immunofluorescence staining-based assessment of primary hippocampal neuronal apoptosis in different treatment groups. Data are expressed as the mean ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus control, #p < 0.05, ##p < 0.01 and ###p < 0.001 versus EtOH, ▲p < 0.05, ▲▲p < 0.01 and ▲▲▲p < 0.001 versus EtOH + 3MA, •p < 0.05, ••p < 0.01 versus EtOH + Rapa.
targets for treating Alzheimer's disease (Liu and Chan, 2014) . Our study suggested that autophagy could improve alcohol-induced memory impairment in association with the NLRP3 pathway. Exposure to alcohol activates the caspase pathway, which leads to cell death and neurodegeneration during the prenatal period (Fontaine et al., 2016) . Our experiments revealed that alcohol induces the activation of caspase-3-dependent apoptosis in the hippocampus. Ethanol can induce neuronal death via various pathways, including oxidative stress, rapid intracellular Ca 2+ changes, excitatory toxicity induced by NMDA antagonists, GABA mimicry, destruction of cell interactions, and interference with growth factor activity (Naseer et al., 2014) . Our experiments revealed that autophagy can inhibit the apoptosis of neurons in the hippocampus caused by alcohol. Autophagy protects against ethanol-induced apoptosis via the removal of damaged mitochondria, thus reducing a major source and target/amplifier of reactive oxygen species (Ding et al., 2010) . In summary, we performed a comprehensive study to investigate the role and mechanism of autophagy in alcohol-induced memory impairment. We established a stable and efficient alcohol-induced memory impairment model. Our findings indicated that the inhibition of autophagy worsened ethanol-induced memory impairment in association with anti-apoptotic and anti-inflammatory pathways. This study identified autophagy as a novel avenue for the treatment of ethanol-induced memory impairment.
